By RNA in situ hybridization and immunohistochemical analyses of early stage mouse embryos, we ®nd that a4 integrin gene is expressed in migratory cranial neural crest cells originating from the presumptive forebrain, midbrain, and rhombomeres 1 and 2 of the presumptive hindbrain. a4 is also expressed in epicardial progenitor cells in the septum transversum that migrate to the heart. q
Results and discussion
Integrins are a family of cell adhesion receptors, which are ab heterodimeric glycoproteins (Hynes, 1992) . Integrins that contain the a4 subunit, which associates with b1 and b7, play essential roles during placental and cardiac development (Yang et al., 1995) and hematopoiesis (Arroyo et al., 1996; , and are involved in neural crest (NC) migration (Kil et al., 1998; Testaz et al., 1999) . At later stages of mouse development, a4 integrins are localized to the NC-derived peripheral nervous system and differentiating skeletal muscle and smooth muscle cells in which roles for a4 integrins have been implicated (Sheppard et al., 1994; Rosen et al., 1992) . To understand in more detail the roles for a4 integrins in early mouse development, we examined closely the temporal and spatial expression pattern of the a4 integrin gene in E8.5±10.5 mouse embryos.
By whole-mount in situ hybridization, the expression of a4 was seen at the 6-to 7-somite stage in cells emerging from the neuroectoderm in the cranial region (Fig. 1A,H) . By the 8-somite stage, a4 was expressed in a sheet of cells extending ventrally from the neuroectoderm of the presumptive forebrain and midbrain (Fig. 1B,C,I ). From a sagittal view it appeared that a4 expressed throughout most of the head region (Fig. 1C,I ). However, dorsal (Fig. 1B) and transverse ( Fig. 2A ) views showed that expression was restricted laterally. At the 10-somite stage a4 was strongly expressed in a stream of cells between the dorsal neuroectoderm of the presumptive midbrain and the ventral region of the ®rst branchial arch and the optic vesicle (Fig. 1D,J) . At the 12-to 20-somite stages a4 was expressed in the cephalic region as clusters of a4-expressing cells became restricted to the area surrounding the optic vesicle and in the ®rst branchial arch (Fig. 1E,F,K) . A whole-mount oblique left-ventral view (Fig. 1L ) and a transverse view (Fig. 2D) of the embryos at 20-somite stage showed that a4 was clearly expressed in mesenchymal cells in the head region, but not in the developing forebrain. By immunohistochemical staining, a4 protein was also detected in the head mesenchyme in 20-somite-stage embryos (Fig. 3A) . By E9.5 at the 25-somite stage, a4 mRNA was no longer detected in these regions as judged by analyses on the whole-mount embryos ( Fig. 1G ) and their transverse sections (Fig. 2G) . The a4 expression pattern in the cephalic region is in agreement with that reported by Kil et al. (1998) and correlates exactly with the fate map of cranial NC cells (Morris-Kay and Tan, 1987; Morris-Kay and Tucket, 1991; Serbedzija et al., 1992 .
AP-2 is a marker for cranial NC cells (Mitchell et al., 1991) . We compared the expression of a4 with that of AP-2 in both whole-mount E8.5 embryos (Fig. 4A,B ) and the transverse sections of the embryos ( Fig. 2A,B) . We found that a4 and AP-2 had the same expression pattern except that AP-2 had additional expression in NC cells originating from rhombomere 4 (r4). These data show that a4 is indeed expressed in cranial NC cells. The expression (00)00503-7 www.elsevier.com/locate/modo of a4 in the cranial region has a distinct posterior boundary. At E8.5, this boundary appears to be just anterior to r3, as judged by comparing the expression patterns of a4 to those of Krox-20 (compare Fig. 4A and 4C ), a known marker for r3 and r5 (Gilardi et al., 1991; Carpenter et al., 1993) . Cranial NC cells migrate in three major streams (Couly et al., 1998) . Our results show that a4 is expressed in the most anterior stream that originates from the presumptive forebrain, midbrain, and r1 and r2 of the presumptive hindbrain and contributes to the cranio-facial mesenchyme and the ®rst branchial arch, but a4 is not expressed in the more posterior streams of cranial NC cells. Kil et al. (1998) detected a4 protein in posterior NC-derived dorsal root ganglia at E9.5, but it is not clear whether the NC cells in the dorsal root ganglia at this stage are still migratory or have reached their destination. The expression pattern of a4 in mouse NC cells differs from that in chicken, where strong expression of a4 mRNA is detected in the posterior NC cells (Kil et al., 1998) .
Besides cranial NC cells, we also detected a4 expression in other cells. By the 20-somite stage, the expression of a4 was evident in the ventral half of the otic placode (Figs. 1F Fig. 2 . Transverse sections of mouse embryos that were stained by whole-mount RNA in situ hybridization. Embryos with 8 (A,B), 20 (D,E) and 25 (G,H) somites were stained with the a4 (A,D,E,G,H) or AP-2 (B) RNA probe, ®xed, embedded in paraf®n and sectioned transversely. a4 and AP-2 had very similar expression patterns (A,B), which both showed strong expression in the mesenchyme lateral to the neural fold. At the 20-somite stage a4 was expressed in the ®rst branchial arch and the mesenchyme of the head region (D), but not in the posterior region (E). At the 25-somite stage a4 was expressed in the septum transversum under that heart (H), but was no longer expressed in the anterior region (G). The thin layer of staining lining the periphery of some sections was non-speci®c (data not shown). Diagrammatic views of embryos with 8 (C), 20 (F), and 25 (I) somites describe the location of the transverse sections. The arrows above the diagrams (C,F,I) align with the corresponding arrows in the sections (A,D,G) to clarify orientation. Abbreviations: b, branchial arch one; h, heart; nf, neural fold; nt, neural tube; st, septum transversum; fm, facial mesenchyme. The scale bar corresponds to 0.1 mm and applies to all sections. and 3A), consistent with the expression pattern of a4 in avian embryos (Stepp et al., 1994) . a4 was clearly not expressed in the NC cells surrounding the otic vesicles that migrated to branchial arches 2 and 3 (Kulesa and Fraser, 2000) . In a small area of the septum transversum under the developing heart, a4 was also strongly expressed (Figs. 1F,  2H and 3A,B) . The high magni®cation pictures showed that the cells beneath the heart that expressed a4 migrated from the septum transversum onto the surface of the heart (Fig.  5A,B) , which were evidently the progenitors of the epicardium as shown previously by EM studies (Vira Âgh and Challice, 1981) . The expression of a4 in epicardial progenitor cells is consistent with a4-null mice having defects in epicardial development (Yang et al., 1995) .
Methods

Whole-mount RNA in situ hybridization
Performed as described by Wilkinson (1992) . The a4 probe corresponds to a 425 bp HincII(3281)/EcoRI(3706) 3 H fragment of pZ5.6 (Neuhaus et al., 1991) .
Immunohistochemistry
Performed as described by Yang and Hynes (1996) , except the primary antibody was PS-2 (from ATCC, Rockville, MD). 
